The occurrence of a penis in female gastropods of the superfamily Muricoidea (infraorder Neogastropoda) has commonly been accepted as an indicator of tributyltin (TBT) pollution. Some species seem less sensitive than others, and one belonging to the family Columbellidae has been reported that it lacks the imposex response. During a survey in South-east Asian waters, females of Cymbiola nobilis and Melo melo (family Volutidae) with a small penis and an external vas deferens were initially considered as showing imposex. Doubt arose when 100% of the females had a penis on sites where other gastropods showed no or a low imposex incidence. During the present study, several hypotheses could be rejected such as (1) that the volutes are extremely sensible for TBT; (2) due to a high age they have a higher chance of coming into contact with TBT; or (3) they have a sex change during growth. This induced us to search for museum specimens collected before 1960, which date is long before TBT was brought into use as biocide in anti-fouling paint on ships. In the Australian Museum in Sydney and the Zoological Museum in Amsterdam some species were found from Indonesian and Australian waters. All inspected females showed the typical small penis and vas deferens by which it became clear that it is not TBT induced, but a natural phenomenon in these species. This is unknown in other muricoids. The "pseudo-imposex" has been established in Cymbiola nobilis, C. vespertilio, Melo amphora, M. melo and M. umbilicata. These species belong to the Volutidae subfamily Cymbiinae. However, male characters in females seem missing in species belonging to the subfamilies Odontocymbiolinae and Zidoninae from South America; they show a normal TBT-induced imposex response according recent literature.
Introduction
Snails of the superfamily Muricoidea (Infraorder Neogastropoda) are dioecious. The sexes are externally distinguishable by the presence of a non-retractile penis and a vas deferens in males and a vaginal aperture in females. Abnormalities have been reported since the end of the 1960s when females of Nucella lapillus (Linnaeus, 1758) were found with a small penis (Blader, 1970) . Gradually more marine gastropod species were discovered of which the females could show a small penis. Initially it was called masculinization or pseudo-hermaphroditism, but it soon became known as "imposex". It has been demonstrated that the aberration was caused by the use of tributyltin (TBT) as biocide in anti-fouling paints on ships (Smith, 1981; Gibbs and Bryan, 1986; Oehlmann et al., 1993; Mensink et al., 1996) .
The occurrence of a penis in female gastropods has nowadays commonly been accepted as an indicator of TBT pollution (Gibbs et al., 1987; Oehlmann et al., 1996) . Monitoring of gastropods has indicated that the abnormality can be found on all continents in the surroundings of harbours (Ellis and Pattisina, 1990; Horiguchi et al., 1991; Stewart et al., 1992) , but also around shipping routes in the open sea such as the North Sea (Ten Hallers-Tjabbes et al., 1994) and in the Strait of Malacca and the Gulf of Thailand down into the deepest possible sampling sites (Swennen et al., 1997) . TBT has become a global pollution problem in marine habitats.
The present authors participated in the study in South-east Asian waters (Swennen et al., 1997) . In that survey specimens belonging to the family Columbellidae were excluded, because it was reported that at least one species lacks the imposex response (Gibbs et al., 1997) . No reports could be found indicating the reverse, namely the presence of a minipenis and vas deferens in female Muricoidea not imposed by organotin compounds. To be sure that this does not occur, species of which all females showed a penis during that survey were tested afterwards by searching them in sites were other species showed no imposex. Two species both belonging to the Volutidae failed the test. Females of Cymbiola nobilis (Lightfoot, 1786) and Melo melo (Lightfoot, 1786) showed a small penis and an external vas deference in areas where other species showed no sign of imposex. Therefore these volutes were considered as either extremely sensitive or the presence of male characteristics was a normal phenomenon in these species (Swennen et al., 2001) . Two more hypotheses originated while digging further into this problem. Both species are the largest gastropods in the Gulf of Thailand, therefore it could be that due to their size and possible high age they could accumulate enough TBT to trigger the imposex response in areas where small species show no reaction. A fourth hypothesis of a sex change during growth arose when the few available data were compared in which the females were much larger than the males.
To study these four hypotheses, we collected live specimens of Cymbiola nobilis and Melo melo from various sites in the Gulf of Thailand. Both species seem nowhere abundant, but they are widely distributed over areas with a sandy bottom. Both have large and strong shells, no operculum, and often hiding themselves by totally burying into the sediment.
Material and methods
Live specimens of Cymbiola nobilis and Melo melo were collected from local fi shing boats in 49 Thai fi shing harbours and fi sh-landing places in the Gulf of Thailand between Sattahip (12°39'N, 100°53'E) and Tak Bai (6°39'N, 103°03'E) when the opportunity arose. Specimens of other volute species could be inspected near Townsville (19°13'N, 146°47'E) in northeast Australia. Collected specimens were checked for shell size, length and structure of male and female penis, and for the relation of these parameters to their sampling site. When a specimen was obtained, the height of the shell was measured. Then a part of the shell was removed by hammering to identify the sex and the penis measured. Because a penis and a vas deference occurred in males as well as in females, the presence or absence of the easily recognisable capsule gland in females was used to internally identify the sex of a specimen.
For histological comparison between male and female penis, fi ve male and fi ve female specimens of Melo melo were relaxed and stupefi ed in a solution of 72 g MgCl 2 in l000 ml water. Then the shell was removed and the penis and gonads preserved in a seawater/Bouin solution. Then these organs were paraffi nembedded and sagittal and longitudinal sections were made of 3-5 μm thickness, stained with haematoxilin and eosin and enclosed in Permount. The sections were studied under a light microscope.
At the end of this study, attempts were made to locate Volutidae samples from before the 1960s, that is before the time that TBT in anti-fouling paints came in use.
Results

Sizes, sex and penis lengths of live specimens
From all over the Gulf of Thailand, 222 live specimens of Cymbiola nobilis and 99 of Melo melo have been collected for this study. Young, small specimens (< 60 mm shell height) were missing in the samples as result of the large-mesh nets used by the fi shing boats. Mean size of males was indeed smaller than in females. In Cymbiola nobilis the maximum height of the shells of males was 99 mm and of females 156 mm ( Fig. 1 ) and in Melo melo the maximum shell height of males was 170 mm, while the largest female came to 242 mm (Fig. 2) . All males and females of both species had a penis behind the right tentacle and a pallial vas deferens that ran into a ridge between the base of the penis and the body wall near to the anus. The latter is located in the fold between the free part of the mantle and the body. In the same sex, the relative penis index (penis length in relation to shell height) in both species showed no differences among collecting sites, which covered areas with different imposex incidences in other species (Figs 1-2) .
The male penises in Cymbiola nobilis and Melo melo were muscular and rigid. They had a strong integument like that over the exposed part of the body. In both species the male penis was curved and pointing in caudal direction. In Cymbiola nobilis a narrow groove ran from the tip to the connection with the ridge of the vas deferens and continued over the ridge to where it ends in the connection of the free part of the mantle and the body; this groove was shallow and locally absent in Melo melo. In Cymbiola nobilis the pigmentation of the exposed sides of the penis consisted of orange spots on a blackish brown background similar to other parts of the body. In Melo melo the pigmentation of the penis consisted of dark red-brown length-wise stripes on a yellowish background similar to the zebra-striped other parts of the body. Each penis was in cross-section more or less rounded at the base, but then oval, while it is more fl attened towards the narrow tip without becoming a clear fl agellum. Major differences were noticeable between the sizes of the male and female penises. The lengths of the female penis in Cymbiola nobilis measured on average 12% and of Melo melo 24% of the length of the penis of males of the same shell size (Figs  1-2) . In both species the female penis and the ridge of the pallial vas deferens were in shape, groove and pigmentation miniatures of these organs in males (Fig. 3) . Specimens of Melo umbilicata (Broderip, 1826) were collected at Parallenda beach, Townsville in Australia. Three of them were females, they showed also a small penis and vas deferens like imposex while no imposex was noted in any of the hundreds specimens of TBTsensitive species such as Thais kieneri Deshayes, 1844 as found by Evans et al. (1995) and Morula marginalba (De Blainville, 1832) as found by the second author.
Histological comparison
Cross-sections of the penises of males of Cymbiola nobilis and Melo melo showed a pigmented epidermis around unpigmented loose connective tissue. The epidermis seems thicker in Cymbiola nobilis than in Melo melo. In the connective tissue were found the penial duct (vas deferens) and one large and some small channels without a clear lining that may be blood channels. In most specimens, the lumen of the penial duct was crescent-shaped. The lumen of the penial duct was lined by a single layer of columnar epithelial cells with cilia surrounded by a layer of circular muscle fi bers. The penial duct was connected over its whole length with the external integument by a band of fused epithelium at the site of the external groove (Figs 4-5). The penial duct ran slightly undulating to the penis tip. The connective tissue was more and more reduced towards the tip by which the penial duct seemed in the integument adjacent to the groove. Cross-sections of the ridge of the vas deferens on the body wall showed that the duct had the same structure as in the penis. It had also a connection of fused epithelium with the groove over its whole length. The distance to the epidermis showed some variation over the length of the tract.
The internal characters of penis and vas deferens in females of both species were similar to those of the males, but less developed and on a strongly reduced scale. The diameters of the penial ducts measured in the microscopic slides varied between 2.57 and 3.12 mm in males and between 0.7 and 1.1 mm in females of both species. The capsule gland and other internal reproductive structures in females were found to be normal. Other abnormalities than the presence of a small penis and a pallial vas deferens were not found.
Examination of specimens collected before 1960
Suitable samples were found in the wet collections of the Australian Museum in Sydney and the Zoological Museum of the University of Amsterdam. Six old samples of Volutidae could be studied in Amsterdam: 1. Cymbiola nobilis (labelled as Voluta scapha Gmelin, 1791, which is a junior synonym), originating from Pulau Bintan, about 1°00'N, 104°30'E in Indonesia. Collected "Before 1930". Shell height was 119 mm, female with a penis length of 2.9 mm and a ridge of the vas deferens from the base of the penis to the female aperture at attachment of the mantle border. 1908. Legit Van der Sande. Shell height 57.2 mm. A male with a penis length of 18.6 mm. 4. C. vespertilio with the same info as no. 3. Shell height 71.2 mm. A female with a mini-penis length 1.8 mm, and a ridge of the vas deferens much thinner than in the male. 5. C. vespertilio collected near Kaimana on the southwest coast of Nieuw Guinea (West Papua), Indonesia, on 28 August 1910. Legit Minkema. Shell height 68.7 mm. A female with a mini-penis of 2.9 mm. Ridge of vas deferens as in no. 4. 6. Melo sp., likely Melo amphora (Lightfoot, 1786) .
C. nobilis (labelled as
The sample consisted of only soft parts and a columella of a large shell. West coast Nieuw Guinea (now West Papua), Indonesia, 1904. Legit Dr. Koch. One female with a mini-penis of a length of about 11 mm. A high vas deferens ridge that ended before the attachment of the mantle border. The condition of the material did not allow to take the sample out of the bottle to inspect the other specimens. In the Australian Museum, four female specimens of Melo amphora were found. They had a shell height of about 95 mm and were collected in Morton Bay, near Port Look out, Queensland, Australia. January 1934, Ref. C98826: Legit Mrs. Durbridge. All showed a small penis and a pallial vas deferens ridge.
Discussion
It is obvious that all female specimens of Cymbiola nobilis and Melo melo possess a penis and that the length of the male and female penises increases with shell size. The female penises do not show a variation in relative sizes according to the area where they occur. Such variation often happens in imposex-induced penises in some species of the Muricidae and Buccinidae and is expressed as relative penis size index (RPSI). The RPSI can be used for indicating slight differences in TBT pollution (Prouse and Ellis, 1997 ). It appears that females of Cymbiola nobilis and Melo melo reach a considerably larger size than males. Both sexes occur among small specimens (Figs 1-2) , which rejects the hypothesis of a sex change during growth. Finally, the discovery of similar penises in female specimens of Cymbiola nobilis, C. vespertilio, Melo amphora, and M. melo collected before 1960, which is long before the TBT became in use as biocide in antifouling paints, shows that the occurrence in these Volutidae can be considered as a natural phenomenon.
The penis and vas deferens in females of Cymbiola nobilis and Melo melo are externally and internally similar to these organs in males except in size. The same has been found in TBT-induced imposex by Oehlmann et al. (1991) in Hinia reticulata (Linnaeus, 1758) , and by Gibbs and Bryan (1986) and in Nucella lapillus. Therefore it seems impossible to determine whether a mini-penis in a female snail is TBT induced or a natural phenomenon as found in some specifi c species in this study.
The development of a penis and a pallial vas deferens seems intrinsic in males and females and the expression may be hormonally induced. TBT will change the hormonal balance by which these organs become partly to expression in females, but indications of a total sex change induced by TBT have not been found. A similar hormonal situation as induced by TBT seems a natural phenomenon in a some gastropods belonging to the Volutidae, which can be called "pseudo-imposex". The fi nding of "pseudo-imposex" in Cymbiola and Melo does not mean that all Volutidae show this phenomenon. TBT-induced imposex has been found by Bigatti and Penchaszadeh (2005) in Odontocymbiola magellanica (Gmelin, 1791) . These authors noted that specimens from Patagonia (Argentina) show a wide range of imposex incidences and relative penis sizes in relation to shipping. Goldberg et al. (2004) and Cledon et al. (2006) reported respectively up to 50 and up to 80% imposex in Adomelon brasiliana (Lamarck, 1811) near Mar del Plata (Argentina). The difference between these South American species and the Volutidae species studied in this paper may be at the level of the subfamily; Cymbiola and Melo belong to the Cymbiinae, Odontocymbiola magellanica to the Odontocymbiolinae and Adomelon brasiliana to the Zidoninae (Vaught, 1989) .
Determining imposex incidence is a relatively quick and cheap method to establish occurrence, patterns and changes in TBT pollution. The present study shows that not all muricoids can be used for imposex determination. TBT-induced imposex can only be supposed when incidence and RPSI varies among sites parallel within species belonging to other families such as Muricidae, Nassariidae, etc. When the occurrence of a penis in females is always 100% and RPSI invariable, then one may have found a similar case as described in this paper. Up to now two wrong imposex identifi cations have been found in the literature. One female Cymbiola nobilis and one female Melo melo have provisionally been considered as showing imposex in Swennen et al. (1997) . On a total of 1164 females of various species, these two specimens do not affect the conclusion about the distribution of imposex in that paper. The other is the report of imposex in M. melo in the South China Sea by Shi et al. (2005) .
